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Abstract 
Using the laser photoelectron attachment (LPA) method at an energy width of 
1–2 meV, the Br− yield due to dissociative electron attachment to the molecule 
CH3Br has been measured over the energy range 1–180 meV at a gas tempera-
ture of 600 K. The data clearly exhibit the vibrational Feshbach resonance pre-
dicted by Wilde  et al. (2000 J. Phys. B: At. Mol. Opt. Phys. 33 5479) and asso-
ciated with the v3 = 4 vibrational level of the C–Br stretch mode in the neutral 
molecule. We also report the dependence of the rate coeffi cient for Rydberg 
electron attachment (measured at high principal quantum numbers n ≈ 150) on 
gas temperature and fi nd an Arrhenius-type behavior compatible with the re-
sults of R-matrix calculations and with earlier fi ndings of electron swarm ex-
periments. With the aim to stimulate experiments, we report absolute cross 
sections for elastic scattering and vibrationally inelastic scattering involving 
the C–Br stretch mode v3 of CH3Br for several initial vibrational levels in the 
range v3 = 0–4; they were obtained with R-matrix calculations based on the 
same potential input as that involved in the computations of the cross sections 
for dissociative attachment. 
1. Introduction 
Attachment of low-energy electrons to molecules is an important process in gaseous di-
electrics [1] and other environments including excimer lasers [2], discharges used for etch-
ing [3, 4], and the earth’s atmosphere [5]. Due to the high electron affi nity of halogen at-
oms Y, dissociative electron attachment (DEA) to halogen containing molecules XY (short 
notation Y−/XY) 
e−(E) + XY → XY –* → X + Y −                                                                                       (1) 
may often occur with large cross sections σa(E) down to zero electron energy, thus effi -
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ciently producing halogen anions as well as halogen atoms or halogen containing radicals 
which are important precursors for further reactions. Following its formation, the excited, 
temporary anion XY –* can either decay by autodetachment (corresponding to elastic or in-
elastic electron scattering) or it may dissociate, thereby forming stable negative ions Y −. 
For molecules (such as HF and CH3I) which exhibit suffi ciently strong long-range attrac-
tion with the colliding electrons (e.g. by the combined polarization and dipolar forces) the 
DEA process may be mediated and substantially enhanced by vibrational Feshbach reso-
nances (VFRs) [6–14]. VFRs represent special scattering resonances XY(v ≥ 1)−*, with the 
electron weakly bound to vibrationally excited levels XY(v ≥ 1) of the neutral molecule. 
Very sharp VFRs have been observed for anion formation due to attachment of electrons to 
molecular clusters [14, 15]. Moreover, VFRs play an important role in the annihilation of 
low-energy positrons colliding with molecules [16]. 
VFRs involving dipolar molecules were predicted by Domcke and Cederbaum [6] as 
well as by Gauyacq and Herzenberg [7] and fi rst observed in vibrationally inelastic elec-
tron scattering experiments from HF [8] (see also [12]). In DEA, VFRs have so far been 
observed for CH3I [9], CH2Br2 [11], N2O[13] and for molecular clusters [14, 15]. In a de-
tailed theoretical study of DEA to the methyl halide molecules, Wilde  et al. [10] predicted 
that apart from the VFR in CH3I (attached to the C–I stretch vibrational level v3 = 1) the 
molecule CH3Br also exhibits a VFR, attached to the C–Br stretch level v3 = 4. This pre-
diction relies on the quality of the anion potential curve and the associated location of the 
crossing point of the anion curve with the neutral potential energy curve along the C–Br 
stretch coordinate. As compared to CH3I (μ = 0.638 au = 1.62 Debye, α = 54 au at the equi-
librium geometry [9]), the long-range electron−CH3Br interaction (which is crucial for for-
mation of the VFR) is characterized by a larger (supercritical) electric dipole moment μ and 
a smaller polarizability α (μ = 0.717 au = 1.82 Debye, α = 37.3 au [17]). 
In this paper, we report the fi rst highly resolved DEA experiment on the CH3Br mole-
cule. In section 2, we briefl y describe the R-matrix approach and summarize the input for 
the calculations; we present calculated DEA cross sections for different initial vibrational 
levels CH3Br (v3 = 0–9) as well as absolute cross sections for vibrational excitation (VE) 
and angle-differential elastic scattering. In section 3, we describe the experimental setup 
and some test measurements. In section 4 we present the measured relative cross section 
for Br− formation due to free electron attachment to CH3Br molecules in a supersonic beam 
(nozzle temperature 600 K) and the temperature dependence for Br− production due to Ry-
dberg electron attachment. The experimental data confi rm the predicted VFR and thus the 
validity of the theoretical model. 
2. Calculation of absolute cross sections for dissociative electron attachment and for 
vibrational excitation involving CH3Br (v3 ≥ 0) 
2.1. R-matrix theory and calculational procedure 
Dissociative electron attachment to the CH3Br molecule in the low-energy region proceeds 
through electron capture into the lowest unoccupied molecular orbital of a1 symmetry. To 
calculate cross sections for DEA and for VE, we employ the resonance R-matrix theory in 
the approximation of one isolated resonance, as reviewed by Lane and Thomas [18]. The 
R-matrix in the fi xed-nuclei approximation has the form 
R(ρ )  = γ2(ρ ) /[W (ρ )  −  E]+ Rb,                                                       (2) 
where ρ is the C–Br distance relative to the equilibrium separation in the neutral molecule, 
W(ρ) is the lowest R-matrix pole, γ(ρ) is the surface amplitude and Rb is a background term 
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independent of ρ and electron energy E. The relation between the surface amplitude γ and 
the resonance width Γ is given in [18]; basically Γ is proportional to γ2. The physical sig-
nifi cance of W(ρ) is that it represents the energy of the resonance state. Although the en-
ergy of the diabatic state of the Fano resonance theory is not exactly the same as the posi-
tion of the R-matrix pole, the difference is usually small, and the diabatic anion potential 
U(ρ) can be written as 
U(ρ) = W(ρ) + V(ρ),   (3) 
where V(ρ) denotes the potential energy of the neutral molecule. The surface amplitude γ is 
typically a slowly varying function of ρ and can be considered as a constant. However, to 
introduce more fl exibility in the theory, we parameterize it in the following form: 
γ (ρ )  = γ1/[exp(ζρ )  + η ] .    (4) 
In our previous work on DEA to the methyl halides [10], the parameters γ1, ζ and η have 
been adjusted semiempirically to provide a realistic description of the thermal rate coeffi -
cients which are known to depend strongly on the electron and the gas temperature. 
Other input of the R-matrix theory includes the potential energy curve V(ρ) of the neu-
tral molecule, parameterized in the form of a Morse function: 
V(ρ )  = De[exp(−aρ) − 1]
2 ,   (5) 
and the potential curve for the temporary negative-ion state, parameterized in the form 
U (ρ )  = B exp(−2bρ) − C exp(−bρ) + D.   (6) 
We note that the R-matrix defi nition of the diabatic curve is different from that used in the 
projection operator theory [19]. In particular, the level shift 
Δ (ρ )  = Uad(ρ )  −  U (ρ )                                                                        (7) 
is not negatively defi ned in the R-matrix theory. Here, Uad(ρ )  is the adiabatic negative-ion 
potential curve which for distances near the equilibrium refl ects the weak long-range bind-
ing of the diffuse electron. 
For the case of CH3Br, the parameters were chosen as follows [10]. For the neu-
tral curve V(ρ), the dissociation energy is experimentally known as D0 = 3.036(52) eV 
(at 298 K) [17]. The vibrational spacing 0–1 for the C–Br stretch vibrational mode v3 is 
known to be 75.8 meV [20, 21]; thus De
ex  = 3.074(52) eV. The C–Br equilibrium sepa-
ration is known to be Re = 193.9 pm = 3.664 a0 [17] (a0 = 52.9177 pm). The anion curve 
was calculated in [10] using the GAMESS computational package with the Huzinaga’s 
21-split-valence-orbital set, augmented with standard d and diffuse sp sets and incorpo-
rating electron correlations by the MP2 method and then fi tted to equation (6). The ob-
tained asymptotic energy of the dissociated anion CH3–Br
− is located at −0.292 eV rel-
ative to the ground vibrational level of the neutral CH3Br molecule, which is slightly 
higher than the experimental value −0.328 eV, i.e. Dex  = −0.290 eV (the electron affi n-
ity of Br(2P3/2) is 3.3636 eV [22]). 
In the actual calculations we adopted those values for the parameters which were al-
ready used in the previous work [10], namely De = 0.1145 Hartree = 3.116 eV, a = 0.8948 
a0
−1, γ1 = 1.500 (Hartree × a0)
1/2, ζ = 1.42 a0
−1, η = 2.643, Rb = 0.072 a0, b = 1.3753a0
−1, B 
= 0.09754 Hartree = 2.654 eV, C = 0, D = −0.00934 Hartree = −0.254 eV. The difference 
between the numbers for De and D from those given above is unimportant for the results of 
all the calculated cross sections. The potential curves are illustrated in fi gure 1. 
To calculate DEA cross sections, we incorporate nuclear dynamics and solve basic 
equations of the resonance R-matrix theory in the quasiclassical approximation [23]. As 
part of this procedure, we calculate electron scattering wavefunctions outside the R-matrix 
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sphere, which include dipolar and polarization interactions. For the electric dipole moment 
and the dipole polarizability of CH3Br in the equilibrium geometry we use the values μ(Re) 
= 1.822 D = 0.717 au and α(Re) = 5.53 ×10
−30 m3 = 37.3 au, respectively [17]. For their de-
pendence on the C–Br distance we assume the following functions: 
(8a) 
(8b) 
where x = (R − Re)/Re. The form of the function μ(R) was taken from calculations in [24] 
for hydrogen halides. We adopted the results for HBr, however we used the correct equi-
librium dipole moment μ0 and changed the coeffi cient c1 such as to reproduce the correct 
value of the transition dipole moment for CH3Br μ01 = 0.0336 au, obtained from the data 
on the intensities of infrared transitions [21]. The obtained value of c1 is 1.054 as compared 
to the value of 2.216 for HBr. Additional calculations, using a multiconfi gurational valence 
bond method [25], have generated a dipole moment function which is close to the model 
function used in the present calculations. Calculations of DEA cross sections with various 
dipole moment functions (keeping μ0 fi xed) showed that the results are very insensitive to 
cn with n > 1, and even to c1. The coeffi cients α0 and α1 were chosen to reproduce the cor-
rect polarizability at R = Re and at R = ∞ with α(∞) = α(H) + α(Br) = 25.1 au[17]. 
2.2. Cross sections for dissociative electron attachment to CH3Br 
The cross sections for DEA to CH3Br molecules initially in the v3 = 0 vibrational level 
are very small, especially at energies below 0.2 eV; they exhibit pointed-peak-type cusp 
structure, refl ecting virtual states at the v3 = 1, 2, and 3 vibrational thresholds, and a clear 
rounded-peak-type VFR at E = 294 meV, located about 5 meV below the v3 = 4 onset, 
where the DEA cross section attains its maximum (see fi gure 2). At the higher vibrational 
thresholds v3 ≥ 5, downward-step structure, refl ecting fl ux loss to VE channels, is observed. 
Figure 1. Potential energy curves relevant for dissociative electron attachment to CH3Br. 
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Analogously, these observations are also made for DEA to CH3Br molecules initially in the 
v3 = 1, 2 and 3 vibrational levels, albeit at correspondingly lower electron energies (for the 
VFR at 218, 143 and 69 meV, respectively) and progressively higher cross section levels. 
The pronounced sharp peak observed at the v3 = 3 threshold in DEA to CH3Br (v3 = 2) 
is also refl ected in the elastic cross section for scattering from the v3 = 2 state (see subsec-
tion 2.4). To analyze the nature of this peak, we note that the electron binding energy cor-
responding to the adiabatic state becomes very small at internuclear distances ρ = R − Re < 
0.3 a0, varying from 1.63 meV at ρ = 0.3 a0 to 0.270 × 10
−6 meV at ρ = 0 a0. Since the right 
turning point for the v3 = 2 state lies at ρ = 0.316 a0, one can anticipate that the position of 
the feature in the DEA cross section for the v3 = 2 initial state which appears near the v3 = 3 
threshold should be within 1 meV of the v3 = 3 threshold. In fact, the DEA cross section for 
the v3 = 2 initial state, calculated with a fi ne energy grid, peaks at E = 73.853 meV whereas 
the position of the v3 = 3 threshold is located at 73.881 meV. This gives the position of the 
v3 = 3 peak structure at 0.028 meV below the v3 = 3 threshold and qualifi es it as a (very nar-
row) VFR. It should be noted, however, that rotational motion most certainly will convert 
this resonance into a virtual state similar to the case of the CH3Cl molecule [26]. 
Just below the v3 = 4 threshold the DEA cross section for CH3Br (v3 = 2) exhibits pro-
nounced VFR, as already mentioned above. It appears as a window resonance in the elas-
tic cross section similar to the case of CH3I [9]. The cross section for electron attachment 
to the v3 = 3 level of CH3Br is dominated by the VFR at 69 meV, 5 meV below the v3 = 4 
threshold. It appears as a deep window resonance in the elastic cross section for CH3Br 
(v3 = 3). For initial vibrational levels v3 ≥ 4, the DEA cross sections only exhibit Wigner-
type downward cusp structure at the v3 ≥ 5 thresholds. In section 4.1, we shall present vi-
brationally averaged DEA cross sections appropriate for ensembles of CH3Br molecules 
at the temperatures Tv = 500 and 600 K and compare them with the experimental DEA 
spectrum. 
In all the calculations, we did not include the initial rotational distribution of the mol-
ecules. Rotational effects on DEA cross sections are usually due to the lower reaction 
threshold for rotationally excited states; in the present case of an exothermic DEA process 
we do not anticipate a signifi cant effect due to the initial molecular rotation. 
Figure 2. Absolute cross section for DEA to CH3Br (v3 = 0–9), E = 1–600 meV. 
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2.3. Cross sections for vibrational excitation of the v3 mode of CH3Br 
Since the v3 mode of the CH3Br molecule is relatively strongly infrared active (as com-
pared, say, to CF3Br), the direct VE process can be signifi cant and should be included, to-
gether with the resonance contribution and the interference between the direct and the res-
onant contribution. The calculations are based on the effective range theory approach [27], 
except that now for the S-matrix element in the lowest partial wave we use our R-matrix 
theory result. In fi gure 3 we present the resonant, the direct, the interference, and the to-
tal contribution to VE for the v3 = 0 → 1 process. The resonant contribution is fi nite at the 
threshold due to the supercritical dipole moment and exhibits a pronounced threshold peak. 
It is also interesting that the interference between the resonant and direct contribution is 
positive near the threshold, therefore the total cross section is greater than the simple sum 
of the two contributions. Note that if the resonance contribution were due to a pure s-wave, 
the interference term would be identically 0. However, the resonant contribution is dom-
inated by the fi rst dipolar angular mode that contains a signifi cant amount of waves with 
higher angular momenta. 
Since the VE thresholds v3 = 3 and v3 = 4 are associated with the virtual-state cusp 
and the VFR, we should anticipate much more pronounced features in VE from excited 
states. In fi gure 4 we present (angle-integrated) VE cross sections for Δv = +1 transitions 
from the v3 = 0–4 states. Note that the cross section for the v3 = 0 level was multiplied by 
10. The v3 = 2 → 3 and v3 = 3 → 4 transitions are particularly interesting. First, the cross 
sections are very large at the threshold and not far from their unitary limit, 158 × 10−20 
m2. These are perhaps the largest vibrational excitation cross sections ever predicted. 
Second, we see very pronounced cusps at the v3 = 3 threshold in the v3 = 1 → 2 and v3 = 
2 → 3 cross sections. The infl uence of the VFR below the v3 = 4 threshold is clearly seen 
in the v3 = 2 → 3 and v3 = 3 → 4 transitions. Some less pronounced features are observed 
at higher thresholds. 
Figure 3. The resonant contribution and the total contribution (direct, resonant and inter-
ference term) to the v3 = 0 → 1 VE cross section of CH3Br. 
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2.4. Differential cross sections for elastic scattering from vibrationally excited states 
Since very pronounced features are observed in the DEA and VE cross sections, we can an-
ticipate their appearance in the elastic cross section as well. However, it is well known that 
for polar molecules the resonance features in elastic scattering can be signifi cantly masked 
by the strong direct contribution. Moreover, in the approximation of a fi xed molecular ori-
entation, used in our calculations so far, the total elastic cross section is divergent. For di-
atomic polar molecules in Σ electronic states and asymmetric tops this divergence can be 
removed by inclusion of rotations for large orbital angular momenta of the incident elec-
tron (or small scattering angles) and calculation of the corresponding scattering amplitudes 
in the Born dipole approximation [28]. However, for symmetric top molecules, like CH3Br, 
even inclusion of rotations does not average out the permanent dipole moment, and the to-
tal cross section is still divergent [29]. The reason for this is the presence of degenerate 
channels coupled by the dipolar interaction [30, 31]. To remove this degeneracy, the inver-
sion splitting should be included [32], and the cross section becomes proportional to the 
logarithm of the inversion splitting [33]. Since the range of impact parameters contribut-
ing to the total cross section becomes enormous, we do not think that it is of much practical 
value to calculate the total cross sections. Therefore we calculated differential cross sec-
tions for elastic scattering from the v3 = 1, 2 and 3 states for the angles 60°, 90°, 120°, 150°, 
and 180°. In fi gure 5 we show the results obtained for the angles 60° and 180° which are 
representative for the behavior at smaller and larger scattering angles, the latter showing a 
stronger decrease towards higher energies. The v3 = 2 cross section is signifi cantly affected 
by the v3 = 3 cusp, and the v3 = 3 cross section by the VFR below the v3 = 4 threshold. 
The calculations were carried out using the methods described in [27, 34] with some 
modifi cations incorporating the resonant scattering in the lowest partial wave and scatter-
ing by both dipolar and polarization potentials in higher partial waves [35]. More details 
and results will be reported in a future publication. The data in the fi gures of this paper will 
be provided in numerical form upon request. 
Figure 4. Calculated VE cross sections (Δv = +1) for CH3Br in the initial vibrational states 
v3 = 0–4 and for thermal vibrational ensembles at T = 300 K and T = 600 K. 
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3. Experimental setup, procedure, and tests 
In the present work we use the laser photoelectron attachment (LPA) method involving 
a differentially pumped supersonic target beam, as illustrated in fi gure 6 and previously 
described in [36, 37]. Energy-variable, monoenergetic electrons, created by photoioniza-
tion of atoms in a collimated beam, interact with the target molecules of interest in the 
Figure 5. Differential cross section for elastic electron scattering from CH3Br (v3 = 1, 2, 3) 
molecules at the angles 60° and 180°. 
Figure 6. Experimental setup for laser photoelectron attachment studies involving a su-
personic target beam. 
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region where the photoionization process takes place (centre of reaction chamber RC). 
Negative ions due to electron attachment reactions are detected with a quadrupole mass 
spectrometer. 
In the present LPA work, photoelectrons (current around 50 pA) are produced by two-
step photoionization of potassium atoms [36–38]. Both hyperfi ne components of ground 
state 39K(4s, F = 1, 2) atoms in a collimated beam (collimation 1:400, diameter 1.5 mm) 
from a doubly differentially pumped metal vapor oven are transversely excited to the 
39K*(4p3/2, F = 2, 3) states by the fi rst sidebands of the electro-optically modulated (fre-
quency 220.35 MHz) output of a long-term stabilized single mode cw titanium:sapphire 
laser (λ1 = 766.7 nm) [39]. Part of the excited state population is transferred to high Ryd-
berg levels (nd, (n +2)s, n ≥ 12) or photoionized by interaction with the intracavity fi eld of 
a multimode tunable dye laser (power up to 5 W), operated in the blue spectral region (λ2 
= 472−424 nm, dye Stilbene 3). The energy of the photoelectrons is continuously varied 
over the range 0–200 meV by tuning the wavelength of the ionizing laser (λ2 < 455 nm). At 
wavelengths above 455 nm, 39K**(ns, nd) Rydberg atoms are produced, used to study Ry-
dberg electron transfer (RET) reactions of the type 
K** (nl) + CH3Br → K
+ +Br− +CH3.   (9) 
Electrons, created in the overlap volume of the potassium atom beam and the laser beams, 
may attach to molecules in a collimated, differentially pumped supersonic beam of pure 
CH3Br (provided by Air Liquide Co., stated purity > 98%), propagating in a direction per-
pendicular to both the potassium and the laser beams. The diameter of the target beam in 
the reaction region amounts to 3 mm. The nozzle diameter was d0 = 60 μm, the stagnation 
pressure fi xed at p0 = 1 bar, and the nozzle temperature varied over the range T0 = 300–
600 K. 
Anions, generated by electron attachment and drifting out of the essentially fi eld free 
reaction chamber, are imaged into a quadrupole mass spectrometer (m/q ≤ 2000 u/e) with 
a combination of two electrostatic lenses (see fi gure 6). The ion optics are carefully tuned 
for optimum detection of Br− ions. In view of the low anion signals, the mass resolution 
was reduced to a level which resulted in simultaneous detection of 79Br− and 81Br− ions. 
The transmitted ions are accelerated to an energy of 1.5 keV and detected by a differen-
tially pumped off-axis ceramic channel electron multiplier (Sjuts) with a very low noise 
level (<0.02 s−1). 
The reaction volume is surrounded by a cubic chamber; the inner surfaces are coated 
with colloidal graphite. By applying bias potentials to each face of the cube, dc stray elec-
tric fi elds are reduced to values FS < 1V m
−1. Magnetic fi elds are reduced to values ≤ 2 μT 
by compensation coils located outside the vacuum apparatus. The electron energy resolu-
tion is limited by the bandwidth of the ionizing laser (ΔEL ≈ 0.15 meV), residual electric 
fi elds (ΔEF ≤ 1–2 meV), the Doppler effect, present in both the photoionization and in the 
attachment process (overall Doppler width ΔED ≈ 0.1E
1/2, ΔED and E in meV), and space 
charge broadening ESC due to K
+ photoions generated in the reaction volume (ΔESC ≈ 0.6 
meV at 20 pA photocurrent, see fi gure 7 in [40]). 
For diagnostics of the target beam (especially with respect to possible cluster forma-
tion and the detection of impurity species), anion mass spectra were taken using the RET 
reaction (9) with K**(nl) atoms excited to quantum numbers around n = 150. We note that 
the RET-induced anion signals are typically a factor of 100 higher than the signals due to 
free electron attachment at energies around E = 10 meV. In fi gure 7 we present anion mass 
spectra due to RET involving the supersonic CH3Br beam at six nozzle temperatures T0 be-
tween 300 K and 600 K. At T0 ≤ 400 K, the anion mass spectra are dominated by cluster 
anions of the type (CH3Br)q Br
− (q ≥ 1), (CH3Br)
− 
q (q ≥ 2), and (CH3Br)qCH3
− (q ≥ 2); the 
weak signal around M = 95 u in the upper left mass spectrum is attributed to CH3Br
 −. As 
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discussed in section 2 (see also [10, 41]), Br− formation from CH3Br molecules is charac-
terized by an activation barrier of about 0.3 eV; thus the corresponding anion signal is ex-
pected to be weak at low temperatures, unless Br− anions were effi ciently formed by a DEA 
process involving neutral CH3Br clusters, e.g. via the reaction 
e− + (CH3Br)2 → Br
− + (CH3Br + CH3). (10) 
The anion mass spectra in fi gure 7 indicate, however, that Br− formation due to electron at-
tachment to neutral CH3Br clusters is a very weak process at all temperatures and that, in 
particular, reaction (10) must have a very small cross section. As suggested by the relative 
intensities of the (CH3Br)q Br
− (q ≥ 1) and (CH3Br)
−
q  (q ≥ 2) cluster anions, the dominant 
reaction paths for neutral clusters with size N are dissociative attachment 
e− + (CH3Br)N → (CH3Br)q Br
− +CH3  (N ≥ 2, q = N − 1)  (11) 
and evaporative attachment 
e− + (CH3Br)N → (CH3Br)
−
q + CH3Br  (N ≥ 3, q = N − 1). (12) 
These processes are accompanied by the minor dissociative attachment channel 
e− + (CH3Br)N  → (CH3Br)q CH3‾ +Br  (N ≥ 3, q = N − 1) (13)
 and possibly by the nondissociative process 
e− + (CH3Br)N  → (CH3Br)
−
q  (N ≥ 2, q = N).   (14) 
At temperatures above 400 K, the cluster contribution strongly decreases with rising tem-
perature and is essentially absent at T0 ≥ 500 K while Br
− formation involving CH3Br 
monomers strongly increases with an Arrhenius-type behavior (see section 4). 
Figure 7. Anion mass spectra due to electron transfer from K**(nl) Rydberg atoms (n ≈ 
150) to CH3Br molecules and clusters in a supersonic beam. Pure CH3Br gas was expanded 
at the fi xed stagnation pressure p0 = 1 bar and nozzle temperatures T0 ranging from 300 to 
600 K. These data were taken with improved mass resolution as compared to the measure-
ments in fi gures 8 and 10. 
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A nontrivial aspect of DEA experiments with regard to the energy dependence of the 
measured anion yield is the possible variation of the anion detection effi ciency with the 
electron energy E and with the initial vibrational energy Ev of the target molecule since 
part of these energies E and Ev appears as kinetic energy of the recoiling anion. The anion 
detection effi ciency is proportional to the respective fraction of all Br− anions which recoil 
into the detection solid angle (as given by the solid angle of the entrance hole of the ion op-
tics with reference to the reaction centre). For an estimate of this detection effi ciency one 
has to know the angular and the velocity distributions of the recoiling Br− ions. They de-
pend on the initial vibrational level v3 of CH3Br, on the electron energy E, and on the noz-
zle temperature T0 (which determines the velocity of the CH3Br molecules prior to elec-
tron attachment). 
In the case of DEA to CH3Br, 15.8% of the translational excess energy is carried away 
by the heavier Br− fragment. As mentioned in section 2.1, DEA to CH3Br (v3 = 0) is an exo-
thermic process; the energy of the dissociated CH3 + Br
− system lies 328(52) meV below 
the vibrational ground state of CH3Br. In DEA to CH3Br one expects—similar to the case 
of CH3I [42]—no vibrational and rotational excitation of the CH3 fragment. Thus, zero-
energy electron attachment to CH3Br (v3 = 0) molecules yields Br
− anions with a center-
of-mass kinetic energy of WCM(Br
−; E = Ev = 0) = 52 meV. The energy WCM(Br
−) rises by 
about 12 meV with each added vibrational quantum of the v3 vibrational mode. In the pres-
ent experiment, the electron energy is varied over the range E = 0–180 meV; the corre-
sponding variation of the CM energy of Br− amounts to 28 meV. For CH3Br (v3 = 4), for 
example, the initial vibrational energy (including the effects of anharmonicity) amounts to 
E(v3 = 4) = 298 meV and one obtains WCM(Br
−) = 99/127 meV and uCM(Br
−) = 489/554 m/
s for E = 0/180 meV. 
Assuming that the rotational degrees of freedom in the CH3Br molecule are fully 
cooled, while the vibrational energy remains unaffected in the supersonic expansion pro-
cess, the average velocity 〈v〉 of the CH3Br molecules at the nozzle temperature T0 is ob-
tained from 〈v〉 = (8kBT0 /M)1/2, where kB is the Boltzmann constant and M the molecular 
mass [43]. For T0 = 300/600 K and M = 95 u one obtains 〈v〉 = 458/648 m s−1. 
The variation of the anion detection effi ciency with E and Ev is estimated by a calcu-
lation of the CM solid angle for all those DEA processes for which Br− anions recoil into 
the laboratory detection solid angle (cone with half angle of θ = 6° [37]). As long as the 
initial molecular velocity v exceeds the CM recoil velocity uCM(Br
−) there are two con-
tributions due to forward (towards the ion optics) and backward dissociation of the tem-
porary CH3Br
 − anion. The effective CM detection solid angle for these two processes is 
given by 
Ω f[sr] = sin
2{θ(v + u)/(2u)}   (15a) 
Ωb[sr] = sin
2{θ(v − u)/(2u)}.   (15b) 
For v ≤ u, backward dissociation is not detected, i.e. Ωb(v ≤ u) = 0. 
As an example, we consider the variation of the sum Ω f+b ≡ Ω f + Ωb for Br
− anions 
resulting from RET processes (9) at high n (E ≈0 eV). Inspection of the DEA cross sec-
tions in fi gure 2 at near-zero electron energy and of the vibrational level populations at vi-
brational temperatures between 300 K and 600 K shows that the RET rates are mainly de-
termined by the contribution of the v3 = 4 initial vibrational level. With the corresponding 
CM recoil velocity of Br− (489 m s−1) one fi nds an increase of the effective detection solid 
angle Ω f+b by a factor of 1.47 when the nozzle temperature rises from 300 K to 600 K. In 
a similar way, we estimated the energy-dependent detection effi ciency for free electron at-
tachment at the fi xed nozzle temperature T0 = 600 K as a function of electron energy and of 
initial vibrational level v, corrected each calculated partial cross section σv(E) for the cor-
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responding variation and used these corrected cross sections for obtaining the thermally 
averaged cross section for comparison with the experimental data. The detection effi -
ciency for this averaged cross section varies only little: over the range E = 1–180 meV, 
it drops by 5%. 
4. Experimental results for DEA to CH3Br and comparison with theory 
In the present work, two sets of experimental results have been obtained. At the fi xed noz-
zle temperature T0 = 600 K, we measured the yield for Br
− formation over the electron en-
ergy range 1–180 meV. These data will be presented and compared with the calculated 
absolute cross section in section 4.1. Moreover, we determined the variation of the rate co-
effi cient for Rydberg electron transfer (RET) with nozzle temperature over the range T0 = 
300–600 K, as measured at high principal quantum numbers (n ≈ 150). These results will 
be presented and compared with the calculated temperature dependence in section 4.2, 
thereby shedding light on the activation energy for the investigated DEA process. 
4.1. Dependence of the DEA cross section on electron energy (T0 = 600 K) 
In fi gure 8, we show the Br− yield due to DEA to CH3Br over the electron energy range 1–
180 meV, as measured with pure CH3Br gas expanded at the fi xed nozzle temperature T0 
= 600 K and the stagnation pressure p0 = 1 bar. For comparison we show an absolute DEA 
cross section, calculated as the thermal average for the vibrational temperature Tv = 600 K 
Figure 8. Measured yield (open circles) for Br− formation in dissociative low-energy elec-
tron attachment to CH3Br molecules (nozzle temperature T0 = 600 K) over the electron en-
ergy range E = 1–180 meV. The full and broken curves show theoretical cross sections cal-
culated at vibrational temperatures Tv of 600 K and 500 K, respectively. These calculated 
cross sections have been corrected for the (weak) dependence of the anion detection ef-
fi ciency with electron energy (see section 3). The experimental data for T0 = 600 K have 
been normalized to the calculated cross section for Tv = 600 K at E = 15 meV. 
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(the weak variation of the anion detection effi ciency with electron energy, described in sec-
tion 3, has been included). The experimental and theoretical results are normalized to each 
other at E = 15 meV. 
The most pronounced feature in both the experimental and the theoretical attachment 
spectrum is—apart from the strong rise towards zero electron energy due to s-wave attach-
ment—the sharp and prominent peak at about 70 meV which is due to a VFR involving an 
electron loosely bound to the v3 = 4 vibrational level of CH3Br. It refl ects DEA processes 
involving CH3Br molecules initially in the v3 = 3 level and has been predicted by Wilde  et 
al. [10]. This VFR also appears in the partial attachment cross sections for molecules ini-
tially in the lower vibrational levels v3 = 0, 1, and 2, but the corresponding structure shows 
up at higher electron energies (298, 218, and 143 meV, respectively, see also section 2.2). 
The calculated partial cross sections σv(E)for v3 = 0–7 at Tv = 600 K, weighted with their 
respective population factors at Tv = 600 K, and the thermally averaged cross section are 
shown in fi gure 9. One observes that at electron energies below about 40 meV, CH3Br mol-
ecules in the initial v3 = 4 level provide the dominant contribution to the DEA cross sec-
tion. Over the range 60–130 meV the contribution from the v3 = 3 population is strongest, 
and from 130–200 meV that of the v3 = 2 population plays the largest role. 
The agreement between the measured anion yield and the calculated energy depen-
dence in fi gure 8 is generally good except for the range near E = 140 meV in which the 
experimental data exhibit a feature which is weaker than the predicted VFR involving 
molecules initially in the v3 = 2 level. This difference cannot be attributed to the possi-
ble effects of vibrational cooling in the supersonic expansion of the target beam for two 
reasons. (i) In order to improve the agreement with experiment one would need a weaker 
contribution from the v3 = 2 level (relative to the v3 = 3 level) in the calculated spectrum, 
but the reverse happens if the vibrational temperature is lowered. For illustration, we have 
included in fi gure 8 a theoretical attachment spectrum obtained for the vibrational tem-
perature Tv = 500 K. (ii) It will be shown in section 4.2 that in the supersonic expansion of 
the pure CH3Br beam vibrational cooling amounts to a reduction of the vibrational tem-
perature of less than 30 K. 
Figure 9. Population-weighted partial cross sections for v3 = 0−7 and thermally averaged 
cross section (thick full curve) for dissociative electron attachment to CH3Br molecules at 
the vibrational temperature Tv = 600 K.
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4.2. Temperature dependence of rate coeffi cient for Rydberg electron attachment 
At near-zero electron energy, electron attachment to CH3Br molecules is dominated by the 
contribution from the initial v3 = 4 level (see fi gure 9). The thermal population factor of 
this level (relative to the v3 = 0 level) ranges from 9.6 × 10−6  to 3100 × 10−6 when the vi-
brational temperature Tv rises from 300 K to 600 K. Thus, one expects a change of the RET 
rate coeffi cient at high n by about a factor of 300 over this temperature range. In view of 
the low signals for free electron attachment we limited investigations of the temperature 
dependence to RET measurements. 
In fi gure 10, we present rate coeffi cients for the RET process (9), as measured for n ≈ 
150 and normalized to the calculated, thermally averaged absolute RET rates 〈knl(Tv)〉 at 
the nozzle temperature T0 = 600 K. The experimental data have been corrected for the ex-
pected T0 dependence of the anion detection effi ciency (see section 3). Both the experimen-
tal and the theoretical data (obtained with the assumption Tv = T0) exhibit (near) Arrhenius-
type behavior given by the functional dependence 
〈knl(Tv)〉 = k0 exp[−A/(kBTv)],  (16) 
where A denotes the activation energy. For the theoretical results, an Arrhenius fi t (16) 
yields the activation energy of 298 meV [10] whereas the RET data yield an activation en-
ergy of 311 meV. This (rather small) difference can be explained by a certain amount of 
vibrational cooling in the supersonic expansion of the CH3Br target beam. To account for 
this possibility, theoretical rates were calculated for vibrational temperatures Tv reduced by 
a certain amount ΔT, i.e. Tv = T0 − ΔT (using for simplicity the same value ΔT at all T0). 
These calculations showed that the experimentally measured temperature dependence can 
be well recovered with the choice ΔT = 10 K, i.e. only little vibrational cooling occurs as 
may be expected for our pure CH3Br beam at p0 = 1 bar and the nozzle diameter of 60 μm. 
We note that in studies of the temperature dependence of SF5
− formation in electron attach-
ment to SF6 molecules in a seeded supersonic beam (12.5% SF6 in helium carrier gas, p0 
Figure 10. The temperature dependence of the rate coeffi cients knl(T0) for Rydberg electron 
transfer from K**(nl) atoms (n ≈ 150) to CH3Br molecules yielding Br− anions.
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= 1 bar, nozzle diameter 60 μm) we found a reduction of the vibrational temperature by 
about 100 K [44, 45]. 
We note that the value of the activation energy A depends on the electron energy [10] 
(on the energy distribution function and its average electron energy in the case of elec-
tron swarm experiments [46]). It was shown in [10], that the calculated value of A drops to 
262/225 meV when the electron energy is increased to 50/100 meV. Based on calculations 
with Maxwellian electron ensembles (electron temperature Te equal to the gas tempera-
tures, i.e. Te = TG = Tv ≡ T ), the value A = 249 meV was obtained from a fi t to the calculated 
thermal rate coeffi cients ka(T ) over the range T = 300–800 K [10]. Previous experimen-
tal studies of DEA to CH3Br involving electron swarms with equal electron and gas tem-
perature yielded temperature-dependent rate coeffi cients ka(T ) which could also be well 
fi tted by an equation of the form (16). Using a pulse sampling method (T ≈ 350–490 K), 
Wentworth  et al. [47] determined the value A = 247(17) meV while Petrovic and Cromp-
ton [48], applying the Cavalleri electron density sampling technique (T = 293–500 K), de-
rived the value 260(15) meV; both are in very good agreement with that obtained from the 
R-matrix calculations. Using the fl owing afterglow Langmuir probe method (T = 300–585 
K), Alge  et al. [49] obtained the estimate A = 300(60) meV which is also consistent with 
the other results. More recently, Levy  et al. [50] used a discharge-fl ow system with elec-
tron cyclotron resonance detection and studied DEA to CH3Br at four temperatures in the 
range T = 293–1022 K. From the rate coeffi cients for the two lower temperatures (293 K 
and 615 K, see table 2 in [50]), an activation energy of 238 meV is deduced which is com-
patible with the other values. 
5. Conclusions 
The measured energy dependence of the DEA cross section for Br− formation and the mea-
sured dependence of the rate coeffi cient for Rydberg electron attachment on vibrational 
temperature of CH3Br provide strong support for the correctness of the theoretical model 
for dissociative electron attachment to CH3Br developed by Wilde  et al. [10], especially 
for the location of the crossing point of the (diabatic) anion curve with the neutral potential 
curve. In particular, our experimental results confi rm the prediction of a vibrational Fesh-
bach resonance (attached to the v3 = 4 vibrational level of CH3Br) in DEA to CH3Br mol-
ecules in an initial vibrational level with v3 ≤ 3. In order to stimulate further experimental 
studies and thereby allow for additional tests of the theoretical input, we calculated absolute 
cross sections for Δv3 = +1 vibrational excitation of CH3Br molecules out of several initial 
levels v3 = 0–4 into the respective higher level and angle-differential elastic scattering cross 
sections. Depending on the initial vibrational level, these cross sections show more or less 
clear structure at the vibrational thresholds (especially at the v3 = 3, 4 onsets). 
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